Amyotrophic lateral sclerosis (ALS) is
Introduction
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease characterized by motor neuron degeneration, resulting in paralysis and death (Cleveland and Rothstein, 2001) . A role for the RNA-binding protein TDP-43 in ALS has emerged. TDP-43 mutations have been identified in some familial and sporadic ALS patients (Da Cruz and Cleveland, 2011) , and the degenerating neurons of the majority of ALS patients (almost all nonSOD1 ALS patients) are characterized by abundant ubiquitinated cytoplasmic inclusions containing TDP-43 (Neumann et al., 2006) . In addition to cytoplasmic mislocalization and ubiquitination, TDP-43 undergoes disease-specific biochemical modifications. Pathological TDP-43 is phosphorylated Neumann et al., 2009) , and there is evidence that phosphorylation increases aggregation and toxicity Brady et al., 2011; Miguel et al., 2011) . TDP-43 is also cleaved into various C-terminal fragments, which accumulate in affected neurons and glia (Neumann et al., 2006; Igaz et al., 2008) . Once generated, the highly insoluble C-terminal fragments become rapidly phosphorylated and ubiquitinated (Igaz et al., 2009) . These fragments might act as seeds for the subsequent aggregation of additional TDP-43, contributing to a pathological cascade resulting in depletion of TDP-43 from the nucleus and accumulation in cytoplasmic inclusions (Pesiridis et al., 2011) . Defining mechanisms regulating these modifications will provide insight into pathogenesis and might be points for therapeutic intervention.
Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant hereditary ataxia (Orr and Zoghbi, 2007) caused by polyglutamine (polyQ) tract expansions in ataxin 2 (Imbert et al., 1996; Pulst et al., 1996; Sanpei et al., 1996; Lorenzetti et al., 1997) . The hallmark pathology in SCA2 is the atrophy and loss of Purkinje neurons from the cerebellar cortex, causing deficits in motor coordination that affect gaze, speech, gait, and balance (LastresBecker et al., 2008) . In SCA2, motor neurons are also known to degenerate, as in ALS, although these features typically occur later than the cerebellar degeneration. However, in select cases, the motor neuron features of SCA2 are prominent enough to mimic an ALS presentation (Infante et al., 2004; Nanetti et al., 2009) , indicating potential for clinicopathological overlap between SCA2 and ALS (Fischbeck and Pulst, 2011) .
The ataxin 2 polyQ tract length, although variable, is most frequently 22-23Qs, with expansions of Ͼ34 causing SCA2. Intermediate-length ataxin 2 polyQ expansions (27-33Qs), longer than normal but not past the SCA2 pathogenic range, were recently associated with increased risk for ALS (Elden et al., 2010) . Thus, ataxin 2 intermediate-length polyQ expansions appear to be a fairly common genetic risk factor for ALS. What is the mechanism by which intermediate-length ataxin 2 polyQ expansions contribute to ALS pathogenesis? Also, how might long polyQ expansions (Ͼ34Qs) cause one disease (SCA2), whereas moderate expansions (27-33Qs) contribute to another disease (ALS)? In other words, what are the functional differences between ataxin 2 with 22Qs (normal), 27-33Qs (ALS risk), and Ͼ34Qs (SCA2)? To address these questions and define the mechanism(s) by which ataxin 2 might contribute to ALS, here we have investigated the cellular consequences of ataxin 2 polyQ expansions and their effects on TDP-43.
Materials and Methods
Plasmids. The ataxin 2 expression vectors (22Q, 31Q, 39Q) are described (Elden et al., 2010) .
HEK293T, patient-derived lymphoblast, and BE(2)-M17 cell culture and heat shock. HEK293T cells were cultured in DMEM high-glucose medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin. Cells were transfected using Fugene 6 Transfection Reagent (Promega) according to the manufacturer's protocol and incubated for 48 h to allow protein expression. Lymphoblast cell lines were obtained from patients with ALS with normal ataxin 2 (3 lines, 22Q) or with polyQ-expanded ataxin 2 (27Q, 29Q, 31Q, 32Q) or with SCA2 (40Q) (Coriell). Lymphoblast cells lines were cultured in RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% fetal bovine serum, penicillin, and streptomycin. Where indicated, cells were treated with 30 M Z-DEVD-FMK (BD Biosciences) for 24 h, or with 1 M staurosporine (Sigma) for 3 h. BE(2)-M17 neuroblastoma cells (M17 cells) were cultured in a 1:1 mixture of Eagle's MEM and F12 medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin. M17 cells were transfected using Fugene 6 Transfection Reagent (Promega) according to the manufacturer's protocol and incubated for 48 h to allow protein expression. M17 cells were then differentiated for 5 d in 1:1 MEM and F12 medium supplemented with 2% fetal bovine serum, penicillin, and streptomycin and 10 M retinoic acid (Sigma).
HEK293T, lymphoblast cell lines, or M17 cells were incubated at 37°C for 1 h as a control or heat shocked at 42°C for 1 h, then washed 1ϫ in PBS, and lysed in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1% NP-40, and protease inhibitor). Lysates were cleared by centrifugation at 10,000 RPM for 10 min at 4°C, and the supernatant was kept as the soluble fraction. Pellets were washed 1ϫ in NP-40 lysis buffer, then resuspended in urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM TRIS, pH 8.8) and sonicated for 2 s to make the insoluble fraction. Both soluble and insoluble fractions were resuspended in 4ϫ sample buffer (40% glycerol, 240 mM Tris HCl, pH 6.8, 8% SDS, 0.04% bromophenol blue, 5% ␤-mercaptoethanol). Where indicated, TDP-43 was dephosphorylated by dialysis (50 mM TRIS, pH 8.0) and incubation with lambda phosphatase (New England Biolabs) for 1 h at 30°C.
Immunoblotting. Lysates were boiled 5 min, then subjected to SDS/ PAGE (4 -12% gradient Bis-Tris, Invitrogen) and transferred to PVDF membrane (Invitrogen). Membranes were blocked 1 h in 5% nonfat dry milk at room temperature and then incubated overnight in primary antibody at 4°C. Membranes were washed 4ϫ in PBS, incubated in HRPconjugated secondary antibody (1:5000) 1 h, and then washed 4ϫ in PBST (PBSϩ0.1% Tween20). Proteins were detected with Immobilon Western Chemiluminescent HRP Substrate (Millipore) and visualized on Biomax MR film (Kodak). Primary antibodies were as follows: ␣-ataxin-2 mouse antibody (BD), 1:500; ␣-actin mouse monoclonal antibody, clone C4 (Millipore), 1:5000; ␣-TDP-43 rabbit polyclonal antibody (Proteintech), 1:1000; ␣-phosphorylated TDP-43 (409/410 -1) mouse monoclonal antibody (Cosmo Bio), 1:1000; ␣-cleaved caspase 3 rabbit antibody (Cell Signaling Technology), 1:500; ␣-cleaved caspase 7 rabbit antibody (Cell Signaling Technology), 1:500; ␣-cleaved caspase 8 rabbit antibody (Cell Signaling Technology), 1:500; ␣-cleaved caspase 9 rabbit antibody (Cell Signaling Technology), 1:500; ␣-cleaved PARP rabbit antibody (Cell Signaling Technology), 1:500. Immunoblots were quantified by densitometry using ImageJ software.
Immunohistochemistry. Patient brain tissue was deparaffinized before pretreatment using heat antigen retrieval with Bull's Eye Decloaker (BioCare Medical). Endogenous peroxidase was then blocked with 3% hydrogen peroxide in PBS for 10 min. After washing with 0.1% PBST, sections were blocked with 10% goat serum in 0.5% PBST for 30 -60 min at 25°C. Sections were incubated with ␣-TDP-43 rabbit polyclonal antibody (Proteintech Group), 1:500, ␣-cleaved caspase 3 rabbit antibody (Biocare), 1:100; ␣-phosphorylated TDP-43 (409/410 -1) mouse monoclonal antibody (Cosmo Bio), 1:100 in 0.1% PBST overnight at 4°C. After washing with 0.1% PBST, sections were incubated with biotinylated goat anti-mouse or rabbit IgG (1:200; Vector Laboratories) for 1 h at 25°C. After washing with 0.1% PBST, sections were then incubated with Vectastain ABC (Vector Laboratories) for 45 min. After washing with 0.1% PBST followed by 0.1 M Tris, pH 7.5, and 0.3 M NaCl. Peroxidase activity was then detected with DAB (Sigma). For fluorescence immunohistochemistry, sections were incubated with ImmPRESS Anti-Rabbit or Anti-Mouse Ig (peroxidase) Polymer reagent (Vector Lab) followed by Tyramide Signal Amplification with FITC (PerkinElmer) or Texas-Red (NEN). Detailed immunohistochemistry protocols are available at http://www.med.upenn.edu/mcrc/histology_core/. Sections were imaged on a Nikon Eclipse 80i microscope using a Nikon DS-Ri1 camera and analyzed using Nikon NIS elements imaging software.
Caspase 3 activation and localization in ALS patient spinal cords was quantified using sections stained with immunofluorescence by counting the number of motor neurons with cleaved caspase 3 staining, nuclear cleaved caspase 3 staining, or cleaved caspase 3 staining in Ͼ3 cytoplasmic foci. The cleaved caspase 3 motor neurons counts were then calculated as a percentage of the total number of motor neurons counted in each section. Cleaved caspase 3 quantification was performed using sections stained using immunofluorescence. The quantification and staining patterns observed were verified using sections stained using chromogenic immunohistochemistry.
Statistical analyses. All statistical comparisons represent p values calculated using one-way ANOVA followed by Tukey HSD post hoc test. All statistical calculations were performed using R software. Differences were considered statistically significant with p Ͻ 0.05.
Results
Intermediate-length ataxin 2 polyQ expansions enhance stress-induced accumulation of a phosphorylated TDP-43 C-terminal fragment We previously demonstrated that intermediate-length polyQ expansions in ataxin 2 enhance its interaction with TDP-43 and promote the sequestration of TDP-43 from the nucleus to cytoplasmic stress granules (Elden et al., 2010) . Phosphorylation, dephosphorylation, ubiquitination, and reversible aggregation play important roles in regulating stress granule formation and dynamics (Buchan and Parker, 2009; Thomas et al., 2011) , and ubiquitin-modifying enzymes, kinases, phosphatases, and proteases are all present in stress granules (Kwon et al., 2007; White et al., 2007; Ohn et al., 2008; Tsai et al., 2008; Khong and Jan, 2011) . Therefore, we hypothesized that the enhanced localization of TDP-43 to cytoplasmic stress granules conferred by ataxin 2 intermediate-length polyQ expansions (Elden et al., 2010 ) might make it more prone to pathological modifications. To investigate this, we first tested the effects of ataxin 2 polyQ expansions on TDP-43 in transfected human HEK293T cells. We transfected cells with ataxin 2 constructs of increasing polyQ length (22Q (normal), 31Q (intermediate-length, associated with ALS risk), 39Q (SCA2 range), or an empty vector. We used a 1 h heat shock at 42°C as a stressor to induce the redistribution of endogenous TDP-43 from the nucleus to the cytoplasm (Freibaum et al., 2010; Liu-Yesucevitz et al., 2010; McDonald et al., 2011) followed by immunoblotting of soluble and insoluble protein fractions with a phospho-specific TDP-43 antibody (409/410) to assess the level of TDP-43 phosphorylation. We did not detect phosphorylated in the soluble fraction of control or heatshocked cells (Fig. 1 A) , consistent with phosphorylation associating with insoluble TDP-43 (Neumann et al., 2006; Igaz et al., 2009) . However, in the insoluble fraction of heat-shocked cells we found a significant increase in an ϳ30 kDa pTDP-43 fragment in cells transfected with 31Q ataxin 2, but not in cells transfected with empty vector, 22Q or 39Q ( Fig. 1 A, C) . Dephosphorylation of cell extracts with a phosphatase eliminated the pTDP-43 band ( Fig. 1 B) , confirming that this fragment represented a phosphorylated form of TDP-43. None of the ataxin 2 constructs caused an increase in pTDP-43 in nonheat-shocked cells ( Fig. 1 A) , suggesting that ataxin 2 polyQ expansions do not directly enhance TDP-43 phosphorylation under normal conditions, but rather lower the threshold for TDP-43 modifications under situations of stress.
We next sought to validate these findings using cell lines from ALS patients expressing endogenous levels of both ataxin 2 and TDP-43. We obtained patient-derived lymphoblast cells from ALS cases harboring intermediate-length polyQ expansions (4 cases; 27Q, 29Q, 31Q, 32Q), ALS cases with normal-range ataxin 2 repeat lengths (3 cases; all 22Q), and from one individual with SCA2 (40Q). Utilizing the same heat shock paradigm (42°C for 1 h), we found that cell lines with intermediate-length ataxin 2 polyQ expansions exhibited a significant accumulation of the insoluble pTDP-43 C-terminal fragment compared with normallength or SCA2-expanded cell lines (Fig. 2 A) . Densitometry of immunoblots from multiple independent experiments showed a significant accumulation of this fragment in cell lines with 31-32Q ( p Ͻ 0.01), but not in the SCA2 patient cell line with 40Q ( Fig. 2 B) . Interestingly, the cell lines with 27-29Q showed a slight increase in the pTDP-43 fragment, but it did not reach statistical significance (Fig. 2 B) . Remarkably, in both cell models (transfected HEK293T cells and ALS patient-derived lymphoblast cells), the accumulation of the pTDP-43 fragment was specific to ALS-associated intermediate-length polyQ expansions and was not seen in cells expressing normal-length or SCA2-length expansions. We did not observe full-length pTDP-43 in either of the cell models in any fractions, suggesting that, at least under these conditions, phosphorylation may be occurring subsequent to the generation of the ϳ30 kDa fragment. Phosphorylation and truncation are hallmark features of TDP-43 pathology in disease (Neumann et al., 2006) . Our findings provide a role for ataxin 2 intermediate-length polyQ expansions in enhancing these key pathological modifications under situations of stress.
Intermediate-length ataxin 2 polyQ expansions enhance caspase activation in response to cellular stress We next sought to define the origin of the ϳ30 kDa pTDP-43 fragment. PolyQ tract expansions in other proteins have been shown to cause caspase activation and lead to apoptosis (Evert et al., 2000; Ross, 2002) ; there is evidence that ataxin 2 may promote apoptosis when overexpressed in cell models (Huynh et al., 2003; Wiedemeyer et al., 2003) , and caspases have been shown to directly cleave TDP-43 Dormann et al., 2009 ). Therefore, we hypothesized that intermediate-length ataxin 2 polyQ expansions might enhance caspase activation upon cellular stress, leading to an increase in TDP-43 cleavage and further pathological modifications such as phosphorylation. Using the human patient-derived lymphoblast cells with ataxin 2 polyQ lengths of either 22Q or 29Q and the same heat shock paradigm, we screened by immunoblot for caspase activation. As a positive control, we treated a 22Q cell line with staurosporine to induce caspase activation broadly (Dormann et al., 2009) . Remarkably, we found that caspase 3 and 7 were strongly activated by heat shock in the 29Q ataxin 2 expanded cell line but not in the 22Q ataxin 2 cell line (Fig. 3) . Caspase 8 was not activated in the 29Q cell line but was present in staurosporine-treated cells, and caspase 9 was only weakly activated (Fig. 3) . Interestingly, in both the staurosporine-treated cells and the 29Q cell line, ataxin 2 itself was also cleaved. It has previously been reported that ataxin 2 harbors a caspase cleavage site, and the fragment we detect by immunoblot corresponds to the predicted C-terminal cleavage product size (Huynh et al., 2000) . Notably, caspase cleavage of ataxin 3 and ataxin 7 contribute to pathogenicity in models of SCA3 and SCA7, respectively (Young et al., 2007; Jung et al., 2009 ); thus, it is possible that a similar cleavage mechanism contributes to ataxin 2 pathogenesis. Together, these data suggest that intermediate-length ataxin 2 polyQ expansions might poise cells to respond to stress by lowering the threshold for activating cellular caspases.
The potent ability of caspase 3 to cleave TDP-43 in vitro Dormann et al., 2009; Nishimoto et al., 2010) led us to focus on the activation of caspase 3 by ataxin 2 intermediate-length polyQ expansions. In both the HEK293T cell model and the patient-derived lymphoblast cell model we found that in all cases ataxin 2 intermediate-length polyQ expansions (27-32Q), but not normal (22Q) or SCA2-length (Ͼ34Q), caused a robust increase in caspase 3 activation upon cellular stress (Fig. 4 A, B) . Densitometry of immunoblots from multiple independent experiments using the patient-derived lymphoblast cell lines showed a significant increase in the amount of activated caspase 3 in cell lines with 31-32Q ( p ϭ 0.001) and an increase in cell lines with 27-29Q, although this did not reach statistical significance ( p ϭ 0.057). It has previously been reported that WT ataxin 2, but not SCA2 polyQexpanded ataxin 2, promotes apoptosis via caspase activation (Wiedemeyer et al., 2003) . Our results are consistent with these findings and suggest that intermediate-length ataxin 2 polyQ expansions enhance the effect on caspase 3 activation, whereas longer polyQ expansions (i.e., SCA2 range) have an inhibitory effect. These data provide a potential mechanistic explanation for how different polyQ lengths in ataxin 2 can be associated with different diseases (ALS vs SCA2).
Caspase 3 inhibitors reduce TDP-43 pathological modifications
Our data so far are consistent with a model whereby ataxin 2 intermediate-length polyQ expansions poise a cell to respond to stress by activating caspases, which in turn cleave TDP-43, leading to its phosphorylation. However, it is possible that caspase activation is downstream or parallel to TDP-43 cleavage and phosphorylation. To distinguish between these possibilities, we used caspase inhibitors in the same heat shock cell models. Using transfected HEK293T cells, 31Q ataxin 2 resulted in accumulation of an insoluble pTDP-43 fragment upon heat shock compared with 22Q ataxin 2 (Fig. 5A) . A 24 h incubation with Z-DEVD-FMK, a caspase 3 specific inhibitor, reduced the accumulation of pTDP-43 after heat shock (Fig. 5B , p Ͻ 0.05). We also tested two ALS patient-derived lymphoblast cell lines (29Q and 32Q), and observed that the accumulation of the insoluble pTDP-43 fragment following heat shock in both of these cell lines was also significantly reduced by treatment with the caspase 3 inhibitor (Fig. 5C,D , p Ͻ 0.05). These results provide evidence that caspase 3 activation upon heat shock is upstream of TDP-43 cleavage and phosphorylation, but leave open the question of whether caspase 3 directly cleaves TDP-43 or is upstream of cleavage.
Intermediate-length ataxin 2 polyQ expansions increase TDP-43 pathological modifications and enhance stress-induced caspase 3 activation in differentiated BE(2)M17 neuroblastoma cells To determine the relevance of our findings in nondividing neuronlike cells, we examined the effect of ataxin 2 intermediate-length polyQ expansions in differentiated BE(2)-M17 neuroblastoma cells (M17 cells). We transfected M17 cells with ataxin 2 constructs of increasing polyQ length (22Q (normal), 31Q (intermediate-length, associated with ALS risk), 39Q (SCA2 range) or an empty vector. Forty-eight hours after transfection, cells were differentiated using low serum and retinoic acid for 5 d. Following differentiation, cells were treated with a 1 h heat shock at 42°C as a stressor or 37°C as a control. Differentiated M17 cells showed extension of multiple long neurites and reduced confluency compared with cells grown in nondifferentiation media. We found that differentiated M17 cells expressing ataxin 2 with 31Q exhibited a significant accumulation of the insoluble pTDP-43 C-terminal fragment ( p Ͻ 0.05) (Fig. 6 A, B) and a significant increase in activated caspase 3 ( p Ͻ 0.05) (Fig. 6C,D ) compared with cells expressing ataxin 2 with 22Q or 39Q. Interestingly, there was some insoluble pTDP-43 fragment present even in the nonheat-shocked cells, perhaps because of a longer time in culture or increased sensitivity of differentiated cells to ataxin 2 overexpression. Together, these results validate our findings from HEK293T and patient-derived lymphoblast cells to nondividing neuron-like cells.
Caspase 3 activation in motor neurons of ALS patients with ataxin 2 intermediate-length polyQ expansions
To further examine the relevance of our observations in cell lines to human ALS patients, we examined activated caspase 3 by immunohistochemistry in postmortem spinal cord tissue from ALS patients with either normal-length ataxin 2 (n ϭ 4; all 22Q) or intermediatelength polyQ-expanded ataxin 2 (27Q, n ϭ 2; 32Q, n ϭ 2). The patients were similar in age of onset [normal-length ataxin 2 polyQ group mean ϭ 53 (SD ϭ 13.7), intermediate-length ataxin 2 polyQ group mean ϭ 59 (SD ϭ 11.3)]. The ALS patients with ataxin 2 polyQ expansions showed a striking increase in the percentage of motor neurons with activated caspase 3 staining compared with ALS patients with normal-length ataxin 2 (Fig. 7A,B) . Furthermore, the activated caspase 3 staining in ataxin 2 polyQexpanded ALS cases was consistently localized within cytoplasmic foci, rarely seen in motor neurons from ALS patients with normallength ataxin 2 (Fig. 7A,C) . There was no difference in the nuclear staining of cleaved caspase 3 between the two groups. Thus, consistent with our results from the cellular models, ataxin 2 intermediatelength polyQ expansions are associated with increased caspase 3 activation in the degenerating motor neurons of ALS patients. These data indicate that cytoplasmic caspase 3 activation in motor neurons defines a new pathological feature of ALS associated with ataxin 2 intermediate-length polyQ expansions.
To examine the impact of the cytoplasmic localization of cleaved caspase 3 on TDP-43 inclusion formation, we costained (2)-M17 neuroblastoma cells transfected with empty vector or ataxin 2 with increasing polyQ length (22Q, 31Q, or 39Q) were differentiated for 5 d and heat shocked for 1 h at 42°C, or control for 1 h at 37°C, then lysed into soluble and insoluble fractions. A, An accumulation of insoluble pTDP-43 C-terminal fragment was seen with ataxin 2 31Q compared with empty vector or ataxin 2 22Q and 39Q. There was also an increase in cleaved caspase 3 in cells expressing 31Q, but not 22Q or 39Q. B, Quantification from three independent experiments (pTDP-43 levels normalized to actin and compared with empty vector control; error bars represent SD; *p Ͻ 0.05). C, Quantification from three independent experiments (cleaved caspase 3 levels normalized to actin and compared with empty vector control; error bars represent SD; *p Ͻ 0.05).
spinal cord sections from ALS patients harboring ataxin 2 polyQ expansions with pTDP-43 and cleaved caspase 3 antibodies (Fig. 8) . Motor neurons from ALS patients harboring ataxin 2 with 22Q showed some nuclear and rarely cytoplasmic cleaved caspase 3 staining (Fig. 8 A) . In these cases, cleaved caspase 3 staining did not correlate with the presence of pTDP-43 pathology. Analysis of motor neurons from ALS patients with polyQexpanded ataxin 2 showed that motor neurons with cytoplasmic foci of cleaved caspase 3 completely lacked or contained only very small pTDP-43 preinclusions (Fig. 8 B) . Interestingly, in motor neurons containing cleaved caspase 3 cytoplasmic foci, it appeared that caspase 3 was excluded from the nucleus (Figs. 7A; 8B, C). Motor neurons containing larger pTDP-43 preinclusionsshowedlessdistinct,fewer,orno cytoplasmic cleaved caspase 3 foci (Fig. 8C,D) . Notably, motor neurons containing large skein-like inclusions very rarely, if ever, contained cleaved caspase 3 foci (Fig. 8E) , which indicates that the accumulation of cleaved caspase3cytoplasmicfociislikelypresentearly in pTDP-43 inclusion formation. Together with the cellular data, this suggests that cleaved caspase 3 activation plays a role early in the pathological cascade.
Discussion
Ataxin 2 intermediate-length polyQ expansions are a genetic risk factor for ALS (Elden et al., 2010; Lagier-Tourenne and Cleveland, 2010; Chen et al., 2011; Daoud et al., 2011; Fischbeck and Pulst, 2011; Lee et al., 2011; Ross et al., 2011; Sorarù et al., 2011; Van Damme et al., 2011; Gispert et al., 2012; Van Langenhove et al., 2012) . Here, we have investigated the mechanism by which these polyQ expansions might confer risk for the disease. Using three independent model systems (transfected human HEK293T cells, ALS patient-derived lymphoblast cell lines, and differentiated human M17 neuroblastoma cells), we found that ataxin 2 intermediate-length polyQ expansions enhance the production of a phosphorylated TDP-43 C-terminal fragment upon cellular stress. Remarkably, this effect is specific to intermediate-length polyQ expansions and is not caused by normal-length (22Q) or even SCA2-length (Ͼ34Q) polyQ-expanded ataxin 2. Phosphorylation and truncation of TDP-43 are hallmark features of pathology in ALS and have been used to illuminate pathological forms of TDP-43 (Arai et al., 2006; Neumann et al., 2006; Hasegawa et al., 2008; Inukai et al., 2008; Neumann et al., 2009) , as well as to model features of TDP-43 proteinopathy in various cell and animal models (Igaz et al., 2009; Nonaka et al., 2009; Liachko et al., 2010) . Our results provide evidence that ataxin 2 intermediate-length polyQ expansions play a fundamental role in enhancing these modifications to TDP-43.
We also found that ALS-associated ataxin 2 polyQ expansions, but not normal or SCA2-length expansions, enhance caspase activation in response to cellular stress, including a significant activation of caspase 3. These results suggest that intermediatelength ataxin 2 polyQ expansions could poise cells to become hyper-responsive to stress. It has previously been reported that overexpressed wild-type, but not SCA2-expanded (79Q) ataxin 2 causes increased caspase activity and apoptosis (Wiedemeyer et al., 2003) . However, other studies have found that polyQexpanded ataxin 2 (58Q) can cause an increase in cell death and caspase activation compared with nonexpanded ataxin 2. These discrepancies could be due to different cell types, different methods to measure cell death, and/or different experimental conditions (Huynh et al., 2003; Ng et al., 2007) . Perhaps ALSassociated ataxin 2 intermediate-length polyQ expansions enhance a "normal" function of the protein, whereas SCA2-length polyQ expansions confer a different novel or toxic function. Given its important role in stress granule assembly and function (Nonhoff et al., 2007; Swisher and Parker, 2010) , ataxin 2 could serve as a linchpin linking signaling between cellular stress responses and apoptotic cascades via its interactions within stress granules. Indeed, stress granules and components within these structures are crucial in the life-or-death cellular decision whether or not to enter apoptosis in response to prolonged stress (Buchan and Parker, 2009) . Mutations that enhance this function of ataxin 2 (i.e., intermediate-length polyQ expansions) may cause a more robust cellular response upon stress.
Multiple recent studies have confirmed an association of intermediate-length ataxin 2 polyQ expansions with risk for ALS. However, the exact ataxin 2 polyQ expansion threshold for ALS risk (e.g., 27-33Q, Ͼ29Q, or Ͼ30Q, etc.), seems to vary slightly depending on the population assessed (Elden et al., 2010; Chen et al., 2011; Daoud et al., 2011; Fischbeck and Pulst, 2011; Lee et al., 2011; Ross et al., 2011; Sorarù et al., 2011; Van Damme et al., 2011; Gispert et al., 2012; Van Langenhove et al., 2012) . This variation is further complicated by the finding that rare neurologically normal controls have been found to contain expansions ϳ31Q (Elden et al., 2010 , Ross et al., 2011 , Daoud et al., 2011 , Gispert et al., 2012 . Additionally, although the ataxin 2 polyQ expansion threshold for SCA2 has been defined as Ͼ34Q, a number of studies have identified polyQ expansions larger than this in ALS patients (Daoud et al., 2011 , Gispert et al., 2012 . Finally, there are reports of ALS and SCA2 comorbidity in patients harboring large SCA2-associated ataxin 2 polyQ expansions (Infante et al., 2004; Nanetti et al., 2009 ). Together, these data suggest that a threshold for ataxin 2 polyQ length for ALS or SCA2 is very likely dependent on additional genetic and environmental factors, and for a set population the threshold is a spectrum of vulnerability, rather than a distinct cutoff. The mechanistic data we present here further support this notion: ataxin 2 with 27-29Q show an increase in heat shock induced caspase 3 activation, but this increase does not reach statistical significance until 31-32Q. However, in the analysis of ALS patient spinal cords, the differences in caspase activation and localization were seen in both sets of patients with 27Q and 32Q, and these increases were polyQ expansion length dependent.
Previous studies indicate that TDP-43 can be cleaved by caspase 3 and that this cleavage product is present in disease Dormann et al., 2009; Nishimoto et al., 2010) . We find a robust ataxin 2 intermediate-length polyQ expansiondependent activation of caspase 3 upon cellular stress. This activation could play a role in cleavage of TDP-43, as inhibition of caspase 3 reduces the accumulation of the pTDP-43 cleavage fragment. We examined autopsy tissue from ALS patients with intermediate-length polyQ-expanded ataxin 2 and found an increase in activated caspase 3 compared with ALS patients with normal-length ataxin 2. These data support the idea that intermediate-length polyQ expansions in ataxin 2 are associated with increased caspase 3 activity in motor neurons and warrants further investigation into this mechanism. We also observed that activated caspase 3 in the ataxin 2 polyQ-expanded cases was localized within discrete cytoplasmic foci, which could be stress granules, or perhaps small inclusions. Analysis of cleaved caspase 3 and pTDP-43 costaining indicated that cytoplasmic foci containing cleaved caspase 3 are likely present early in pTDP-43 inclusion formation and thus are likely an early event in the pathological cascade. These findings define a new feature of ALS pathology specific to cases harboring ataxin 2 intermediatelength polyQ expansions.
Based on these findings, we propose a model whereby the presence of ataxin 2 intermediate-length polyQ expansions increases the likelihood for TDP-43 pathological modifications by lowering the threshold by which cells activate caspases upon cellular stress (Fig. 9) . Stress-induced caspase activation could result in promiscuous TDP-43 cleavage, setting off a pathological cascade that leads to the accumulation of insoluble phosphorylated TDP-43 fragments and motor neuron death. There are certainly other routes to TDP-43 pathology in ALS independent of ataxin 2. For example, TDP-43 mutations, which are associated with rare familial and sporadic ALS cases, might cause disease by increasing the aggregation or stability of the protein (Johnson et al., 2009; Barmada et al., 2010; Ling et al., 2010) , which could lead to cytoplasmic mislocalization. Indeed, we recently reported that ALS cases with ataxin 2 intermediate-length ataxin 2 polyQ expansions are characterized by distinct TDP-43 pathological features (Hart et al., 2012) . Perhaps this distinct pathology is the result of a slightly different mechanism that results in TDP-43 pathology. Thus, all ALS mechanisms need not connect to ataxin 2, and it is likely that there are multiple independent mechanisms (e.g., SOD1 mutation, FUS mutation, ataxin 2 polyQ expansions, etc.) that lead to motor neuron dysfunction and eventual degeneration.
The findings presented here have clear implications for ALS etiology and treatment, whereby a genetic risk factor alters the processing of the toxic disease protein TDP-43. If indeed caspase 3 is cleaving TDP-43 in ataxin 2 polyQ-expanded cases, this could represent a target for therapeutic intervention. Caspase 3 is not a novel target for ALS, as a previous clinical trial using minocycline Figure 9 . A model to explain the effect of ataxin 2 intermediate-length polyQ expansions on TDP-43 in response to cellular stress. A, In ALS patients with normal ataxin 2 polyQ length (22Q), TDP-43 is localized to the nucleus and ataxin 2 is diffuse in the cytoplasm. Upon cellular stress, ataxin 2 localizes to stress granules, TDP-43 partially leaves the nucleus and also associates with stress granules, accompanied by a slight activation of caspase 3. Following the stress, cells recover, stress granules dissolve, and TDP-43 returns to the nucleus. If the stress continues, stress granules persist, TDP-43 is cleared from the nucleus, cleaved and phosphorylated, and coalesces into large round or skein-like cytoplasmic aggregates. B, In cells with ALS-associated ataxin 2 intermediate-length polyQ expansions (27-34Q), the threshold for activating caspases in response to stress is lowered. Therefore, caspase 3 is strongly activated upon cellular stress. Increased caspase activation leads to enhanced TDP-43 cleavage and phosphorylation, which drives cytoplasmic aggregation and nuclear clearance. Because the kinetics of TDP-43 cytoplasmic aggregation may be different in ALS cases with and without ataxin 2 polyQ expansions, the morphologies of the TDP-43 aggregates at end stage might be different (Hart et al., 2012) . C, In spinocerebellar ataxia 2 (SCA2), in which patients harbor long ataxin 2 polyQ expansions (Ͼ34Q), ataxin 2 can aggregate in the cytoplasm and this could cause toxic gain-of-function effects, potentially unrelated to the normal function in cellular stress responses, which might lead to distinct cellular phenotypes and clinical presentation.
was ineffective (Gordon et al., 2007) , although perhaps this approach would be more efficacious in trials focused specifically on patients with ataxin 2 polyQ expansions. As is the hope for personalized medicine, stratifying patient populations based on specific genetic lesions could improve the outcome of clinical trials. Many groups are working on novel caspase inhibition methods for neurodegenerative disease, and perhaps more specific inhibitors could be applied to ALS patients with ataxin 2 polyQ expansions. Additionally, the polyQ-expanded ataxin 2 itself could represent a therapeutic target. We have previously reported the dramatic effect that ataxin 2 knockdown has on rescuing TDP-43 toxicity in the Drosophila nervous system (Elden et al., 2010) . In patients with ataxin 2 polyQ expansions, knockdown of the mutant ataxin 2 might block the hyper-response to stress and perhaps protect motor neurons. Finally, we have identified a mechanistic difference between normal ataxin 2, ataxin 2 with ALS-associated intermediate-length polyQ expansions, and ataxin 2 with longer SCA2-associated polyQ expansions, which could begin to explain why different length polyQ expansions are associated with distinct, although perhaps overlapping, diseases (Fischbeck and Pulst, 2011) .
